Multiply
By To obtain cubic foot per second (ft3/s) 0.02832 cubic meter per second mile (mi)
1.609 kilometer pound (Ib) 453.6 gram pound per acre (Ib/acre) 1.121 kilogram per hectare ______square mile (mi2)___2.590 square kilometer___
Temperataure can be converted to degrees Celsius (°C) or degrees Fahrenheit (°F) by the equations:°C = 5/9 (°F-32) °F=9/5(°C) + 32. 
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INTRODUCTION
This is the sixth in a series of water-quality reports intended to present the analytical results from studies of herbicides and nutrients in water resources of the Midwestern United States. This report presents the analytical results from a study of 13 preemergent herbicides, two atrazine metabolites, three cyanazine metabolites, one alachlor metabolite, and dissolved nutrients in surface water of nine Midwestern States Illinois, Indiana, Iowa, Kansas, Minnesota, Missouri, Nebraska, Ohio, and Wisconsin ( fig. 1 ) during 1994-95. Previous reports have presented analytical results from regional studies of selected herbicides and dissolved nutrients in ground water (Kolpin and others, 1993) , surface water (Scribner and others, 1993) , storm runoff (Scribner and others, 1994) , precipitation (Goolsby and others, 1995) , and reservoirs (Scribner and others, 1996) . This study was conducted by the U.S. Geological Survey (USGS) as part of the Toxic Substances Hydrology Program and in cooperation with the U.S. Environmental Protection Agency (USEPA).
Previous Studies
During 1989, the U.S. Geological Survey (USGS) conducted a reconnaissance study of 147 streams in 10 Midwestern States (those shown in fig. 1 plus South Dakota) to determine the geographic and seasonal distribution of herbicides and nutrients (Scribner and others, 1993) . The streams were sampled before application of herbicides, during the first major runoff period after application of herbicides, and during a low-flow period in the fall when most of the streamflow was derived from ground water. Results from the 1989 study showed that large amounts of alachlor, atrazine, cyanazine, and metolachlor were flushed into streams during the first post-application runoff (Thurman and others, 1991,1992; Battaglin and others, 1993;  Goolsby and Battaglin, 1993; Goolsby and others, 1993) . The maximum concentrations of alachlor, atrazine, and cyanazine exceeded 50 jig/L, and the maximum concentration of metolachlor exceeded 39 jig/L during the post-application period. Maximum herbicide concentrations were less than 5 u,g/L, and most concentrations were less than 1 u,g/L during the pre-application and fall low-flow sampling periods; however, more than one-half of the streams had detectable concentrations during all three sampling periods. Both atrazine and cyanazine concentrations temporarily exceeded drinking-water regulations in about one-half of the streams (Thurman and others, 1991, 1992; Goolsby and others, 1994 noted, however, that there is no violation of the Safe Drinking Water Act unless the annual average concentration exceeds the MCL, or unless an individual concentration exceeds four times the MCL. The 1989 reconnaissance study documented the geographic and seasonal distribution of herbicides in streams at a regional scale. A follow-up study was conducted by USGS in 1990 because of increased concern about the findings of high post-application concentrations of herbicides. The distributions of the concentrations of the major herbicides detected in 50 streams were essentially the same for both years for the pre-and post-application periods (Goolsby and others, 1991) . These results and those of other studies (Wauchope, 1978; Frank and others, 1982; Leonard, 1988; Snow and Spalding, 1988; Baker and Richards, 1989) further indicated that the flush of herbicides following application is an annual occurrence. Additional studies by USGS in 1990 and 1991 using automatic samplers (Thurman and others, 1992; Goolsby and Battaglin, 1993; Scribner and others, 1994) showed that the herbicide flush lasts for several weeks to several months following application. By late summer, herbicide concentrations generally decrease to low concentrations (less than 0.50 jig/L) and remain low until the process is repeated the following year.
Changes in Herbicide Use Since 1989-90
Since the 1989-90 regional-scale studies were conducted, two decreases have occurred in the maximum application rate of atrazine recommended on the manufacturers' labels. In 1990, the manufacturers of atrazine voluntarily reduced the maximum recommended application rate for atrazine to 3 Ib active ingredient per acre per year for corn and sorghum (USEPA, written commun., Jan. 23, 1990 ). Prior to this, the recommended maximum application rate was 4 Ib active ingredient per acre per year. The 1990 label change also restricted noncropland uses of atrazine to a maximum of 10 Ib active ingredient per acre per year. This label change occurred because of concern about ground-water contamination and applied to all products released for shipment after September 1, 1990.
In 1992, the manufacturers of atrazine further voluntarily reduced the maximum recommended application rate of atrazine on corn and sorghum to a range of 1.6 to 2.5 Ib active ingredient per acre per year depending on soil organic residue and erosion potential. As much as 0.50 Ib active ingredient per acre per year can be used in subsequent applications (USEPA, written commun., March 8,1993) . The total of all applications cannot exceed 2.5 Ib active ingredient per acre per year. A maximum of 1.6 Ib active ingredient per acre per year is recommended on soil with less than 30-percent plant residue remaining on the surface. Most noncropland uses of atrazine are no longer recommended on manufacturers' labels. This label change applied to all products shipped for use after August 1, 1992.
As a result of the two voluntary label changes, the maximum recommended application rate for atrazine on corn and sorghum essentially has been reduced by 50 percent since the 1989-90 studies were conducted. However, atrazine typically has not been applied at the maximum recommended rate. The actual application rate for atrazine decreased about 10 percent from an average of 1.22 Ib/acre in 1990 to 1.07 to 1.1 Ib/acre in 1994-95 (U.S. Department of Agriculture, 1991 Agriculture, ,1994 Agriculture, , 1995 . The total use of atrazine decreased about 10 percent between 1989-90 and 1994-95 .
The long-term use history, from 1963 through 1995, of atrazine and four other major herbicides is shown in figure 2. The use of alachlor decreased from about 50 million Ib in 1989-90 to 27 million Ib in 1994 and to 12.6 million Ib in 1995. A new herbicide, acetochlor, was introduced in 1994. About 7 million Ib of acetochlor were used in 1994. In 1995, acetochlor use had increased to about 23 million Ib. The overall use of cyanazine increased slightly between 1989-90 and 1994-95 . The use of metolachlor changed very little between 1989-90 and 1994-95 (fig. 2 ).
Objectives of 1994-95 Study
The principal objective of the 1994-95 study was to determine if changes in the application rate recommended by the manufacturers of atrazine have resulted in an overall decrease in atrazine concentrations in Midwestern streams since 1989-90. Other objectives were to determine the geographic distribution of selected herbicide and metabolite concentrations in these streams. 1965 1970 1975 1980 1985 1990 1995 2000 Figure 2. Herbicide use in Midwestern United States, 1963 -95 (sources of data: 1964 , Lin and others, 1995 1966 -89, Gianessi, 1992 1990 -95, U.S. Department of Agriculture, 1991 ,1992 ,1993 ,1994 ,1995 
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METHODS
Selection of Sampling Sites
Fifty-three stream sites were sampled during this study. Sampling-site names and locations are given in table 1, and the corresponding map locations are shown in figure 1. Also, included in table 1 is the contributing drainage area for each sampling site.
Fifty of the 53 sites were sampled in both 1989 and 1990. These 50 sites were selected by a statistical process from the 147 sites sampled during the post-planting period in 1989. This process included ranking the 147 sites from highest to lowest on the basis of total herbicide concentrations and dividing them into three equal strata. From the strata containing the highest concentrations, 25 sites were randomly selected. Similarly, 13 sites were randomly selected from the middle-concentration strata, and 12 sites were randomly selected from the low-concentration strata. This selection process ensured both geographic distribution of sampling sites and ensured that sites with low and high herbicide concentrations would be selected on the basis of past data. Three additional sites were sampled where automatic samplers were operated in 1990 to determine the temporal distribution of herbicides in several Midwestern streams (Scribner and others, 1994) . These sites were also sampled in 1989. Thus, the 53 sites selected for this study had previously been sampled during pre-and post-application periods in both 1989 and 1990.
Sample Collection
All 53 sites were sampled twice in 1994. In 1995, 51 sites were sampled once. Two sites were not sampled because runoff did not occur. In 1994, the first sample was collected prior to the application of herbicides in March or early April. A second sample was collected after herbicides had been applied and following the first precipitation that produced overland flow (runoff). Attempts were made to collect the sample near the peak discharge during this runoff. Results and hydrographs from the 1989 sampling and studies using autosamplers in 1990 showed this was when the largest herbicide and nutrient concentrations occurred (Thurman and others, 1992) .
Only one sample was collected at each site in 1995. This sample was collected after herbicides had been applied and following the first precipitation that produced overland flow. Attempts were made to collect the sample near the peak discharge during the runoff. At two sites, Old Mans Creek in Iowa (map no. 3, fig. 1 ) and Salt Creek in Nebraska (map no. 35, fig. 1 ), samples were collected several times throughout the spring and summer of 1995 to determine the temporal distribution of herbicides.
Water samples were collected with a depth-integrating technique at three or more locations across each stream (Ward and Harr, 1990) . The water samples from each site were composited in a single glass container or Teflon bottle. Stream discharge was determined at each site by direct measurement (current meter), from a rating curve, or estimated from data collected at a nearby USGS streamflow-gaging station.
Sample Processing
Herbicide samples were withdrawn from the compositing container and filtered through a 0.70-jim glass-fiber filter using a peristaltic pump. Nutrient samples were withdrawn and filtered through 0.45-jim membrane filters. Filters were leached with about 200 mL of sample prior to filtration of herbicide or nutrient sample.
The filtrate for herbicide analysis was collected in four heat-cleaned 125-mL amber glass bottles. The filtrate for nutrient analysis was collected in a 125-mL amber polyethylene bottle. The remainder of the water in the compositing container was used for onsite measurements of specific conductance, pH, and water temperature. All samples were chilled immediately and shipped to the appropriate laboratory within 3 days of collection. Herbicide samples were sent to the USGS laboratory in Lawrence, Kansas, for gas chromatography/mass spectrometry (GC/MS) and enzyme-linked immunosorbent assay (ELISA) analyses. Herbicide sample bottles received at the USGS laboratory in Lawrence, Kansas, were logged in, assigned identification numbers, and refrigerated at 4 °C until analyzed. Nutrient samples were shipped to the USGS laboratory in Arvada, Colorado, for analysis.
Laboratory Methods
Samples were analyzed for 13 herbicides, two atrazine metabolites, and three cyanazine metabolites by GC/MS according to procedures described by Thurman and others (1990) , Meyer and others (1993), and Meyer (1994) . Alachlor ESA was analyzed by the method of Aga and others (1994) . Nutrient compounds were analyzed using the method described by Fishman and Friedman (1989) . The methods of analysis and reporting limits for physical properties and chemical compounds are listed in table 2.
Solid-Phase Extraction
Analytes for GC/MS analysis were extracted and concentrated using solid-phase extraction. An automated procedure (Meyer and others, 1993) using a Waters Millilab workstation and CIS Sep-Pak-Plus cartridges was used. Cartridges were preconditioned on the workstation sequentially with 2 mL distilled water, 6 mL ethyl acetate, 2 mL methanol, and 3 mL distilled water. Each 123-mL water sample was spiked with 100 i\L of a surrogate standard, terbuthylazine (1.23 ng/^L), and pumped through the cartridge at a rate of 20 mL/min by the robotic system. Analytes were eluted from the cartridge with 3.5 mL ethyl acetate and spiked robotically with 100 ng of phenanthrene-d10. Samples with concentrations above the linear range, 10 u.g/L, were diluted, reextracted, and reanalyzed. The ethyl acetate layer was transferred by probe to a clean test tube. The robotic probe was washed between samples by immersing in ethyl acetate and bubbling air through the probe to prevent sample cross contamination of herbicide samples and standards. Finally, the extract was evaporated to a volume of 100 uL with a Turbovap evaporator at 45 °C under a nitrogen stream. This was pipetted into a 100-uL glass autosampler vial.
Gas Chromatography/Mass Spectrometry
Analyses were made for the 13 herbicides listed in table 2 as well as two atrazine metabolites, deethylatrazine and deisopropylatrazine. Automated GC/MS analyses of the sample extracts were performed on a Hewlett-Packard Model 5890 GC and a 5970A mass selective detector (MSD) in selected ion mode. Operating conditions were as follows: ionization voltage, 70 electronvolts; ion-source temperature, 280 °C; elec-tron multiplier, 400 volts over the autotune voltage; direct capillary interface at 280 °C, initial GC oven temperature, 60 °C, tuned daily with perfluorotributylamine; dwell time, 25 to 50 ms/ion. Separation of the herbicides was carried out using a Hewlett Packard fused-silica, Ultra-1,12 m x 0.2 mm i.d., GC capillary column of methyl silicone film with a thickness of 0.33 (im. Helium was used as the carrier gas at a flow rate of 1 mL/min and a head pressure of 35 kPa. The column temperature was held at 60 °C for 1 minute and then ramped at 6 °C per minute to 250 °C. Injector temperature was 280 °C.
Quantification was based on the area ratio of the base peaks relative to the response of the 188 ion of phenanthrene-d10, the internal standard. Confirmation of the compound was based on the presence of the molecular ion and two confirming ions with a retention-time match of ±0.2 percent relative to phenanthrene-djo. The quantitation limit for the compounds was 0.05 jig/L. Concentrations were based on a standard curve developed from known standards in distilled water. Samples with concentrations above the linear range, 10 jig/L, were diluted, reextracted, and finally reanalyzed. The preceding procedure is described in detail by Thurman and others (1990) and Meyer and others (1993) .
For the separation of the cyanazine metabolites, cyanazine amide, deethylcyanazine, and deethylcyanazine amide, a Hewlett Packard Ultra-2,12 m x 0.2 mm, GC capillary column of methyl silicone with 5-percent phenyl film was used. The GC/MS conditions for these analysis were the same as described previously except for the following: direct capillary interface at 210 °C, initial GC oven temperature, 140 °C; ramp rate, 15 °C per minute to 250 °C. The quantitation limit for cyanazine amide and deethylcyanazine was 0.05 ng/L and for deethylcyanazine amide, 0.50 jig/L. A dilution of the sample was used when necessary. This procedure is described in more detail by Meyer (1994).
Solid-Phase Extraction and Enzyme-Linked Immunosorbent Assay for Alachlor Ethane Sulfonic Acid
Alachlor ESA was analyzed by solid-phase extraction (SPE) and ELIS A by the method described in Aga and others (1994) . The SPE procedure was automated with a Waters Millilab workstation for extraction of the analyte. The Cjg Sep-Pak cartridges were preconditioned sequentially with 2 mL methanol, 6 mL ethyl acetate, 2 mL methanol, and 2 mL distilled water. Each 100-mL water sample was passed through a cartridge at a flow rate of 20 mL/min. The cartridge was eluted first with 3.5 mL ethyl acetate to remove the parent compound alachlor. A second elution with 3.5 mL methanol to remove alachlor ESA was collected in a separate test tube. The methanol extracts were evaporated to dryness under nitrogen at 45 °C using a Turbovap evaporator. The samples then were reconstituted with 10 mL of distilled water and analyzed using an alachlor immunoassay kit. The concentrations of alachlor ESA were calculated by the following equation (Brady, 1995) :
( 1) where y = absorbance reading, which transformed data using alachlor ESA standards of 0, 1.0, 5.0, and 20 jig/L divided by the concentration factor from the SPE procedure. All samples were analyzed in duplicate. The reporting limit was 10 jig/L.
Automated Colorimetric Procedure
Dissolved nitrite as nitrogen, nitrite plus nitrate as nitrogen, ammonia as nitrogen, and orthophosphate as phosphorus were determined by automated colorimetric procedures at the USGS laboratory in Arvada, Colorado, using methods described by Fishman and Friedman (1989) .
Quality-Assurance Procedures
Quality-assurance procedures for this study were carried out by USGS personnel in accordance with a written work plan for the study (Goolsby and others, 1994) . Sample collection, processing, and analytical procedures used in this study were identical to those used in the 1989-90 reconnaissance.
Decontamination
Onsite quality-assurance procedures required all sampling equipment to be cleaned by washing glass containers, filter units, and tubing with a nonphosphate detergent; rinsing sequentially with tap water, organic-free, deionized, or distilled water, and then methanol; and rinsing again with organic-free water to remove traces of methanol. Herbicide sample contain-
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ers (125-mL glass bottles) were cleaned by heating overnight to about 350 °C.
Sample Collection and Analysis
Quality-control samples consisted of blind replicates, blind spikes, field-equipment blanks, and laboratory duplicates. About 5 percent of the samples were blind replicates, and an additional 5 percent of the samples consisted of blind spikes and field-equipment blanks. In addition, about 10 percent of all herbicide samples were analyzed in duplicate at the laboratory in Lawrence, Kansas. Blind replicate samples for herbicide analysis were obtained during each sampling period. Replicates of regular samples were labeled with ficticious site information and submitted to the laboratory in Lawrence, Kansas, along with the regular samples for herbicide analysis. Results for the blind replicate analyses are included in table 6 at the end of this report.
Blind spikes for herbicide analysis were independently prepared by the USGS National Water-Quality Laboratory in Arvada, Colorado, and submitted with the regular samples. These samples consisted of 125-mL bottles filled with solutions of known herbicide concentrations. They were labeled as stream samples and sent to the laboratory in Lawrence, Kansas. Results for spike samples analyzed during the sampling rounds are shown in table 3. There were no significant differences between the recoveries of the herbicides from the field spikes from 1989-90 to 1994-95.
Field-equipment blanks for herbicides were obtained on the first sample processed and about every 20th sample thereafter. Organic-free water was filtered into four 125-mL baked amber glass bottles labeled as a field-equipment blank and shipped overnight to the laboratory in Lawrence, Kansas, along with the regular herbicide samples. There were no detections of any herbicide compounds in the 16 field-equipment blanks analyzed.
Gas Chromatography/Mass Spectrometry
For the GC/MS method, each water sample to be analyzed for herbicides and metabolites was spiked with a surrogate standard and terbuthylazine. An internal standard, phenanthrene-diQ, was added to the sample after it was extracted by SPE. The ratio of the terbuthylazine to the phenanthrene-djo in the final extract was used to calculate the percent recovery of the sample. Additional quality-assurance protocols consisted of 10 percent blank samples and 10 percent standard solutions for the sampling period. Results of the laboratory duplicate analyses are included in table 6 at the end of this report.
Solid-Phase Extraction and Enzyme-Linked Immunosorbent Assay for Alachlor Ethane Sulfonic Acid
For the alachlor ESA method, results were quantified with a new calibration curve prepared from standards run with each assay. Every ninth sample was extracted in duplicate, and all extracts were analyzed in duplicate and averaged.
ANALYTICAL RESULTS
A statistical summary of the concentrations of herbicide compounds measured in water samples from 53 streams for the 1994 post-application season is given in table 4. A summary of the 1995 results for samples from these same streams is given in table 5. Two compounds, alachlor ESA and atrazine, were detected in all post-planting samples.
In 1994 Laboratory identification no. Table 3 . Concentrations of selected herbicides and three metabolites in quality-assurance samples from 53 streams in nine Midwestern States, 1994-95 Continued X R e c o n n a i s s a n c e for
I
S. Analytical results for 12 herbicides, one alachlor metabolite, two atrazine metabolites, and three cyanazine metabolites in water-quality samples collected from 53 streams during 1994-95 are presented in table 6 at the end of this report. One additional herbicide, terbutryn, was analyzed but not detected.
Analytical results for dissolved nutrients in water samples from the 53 stream sites are given in table 7 at the end of this report. Nitrogen and phosphorus compounds in streams are derived from many humanrelated and natural sources, including chemical fertiliz- ers, animal wastes, domestic sewages, legumes, mineralization of vegetation, and soil organic matter. Streamflow and flow percentile are also presented in table 7. The flow percentile was derived from a flow-duration table for each site and represents the percentage of time the streamflow was less than the measured value. For example, a flow percentile of 90 means that 90 percent of the time the streamflow was less than the measured value. Table 7 also includes data on the specific conductance and pH of all samples. 
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